Developmental toxicity studies were conducted in rats and rabbits with a human G-CSF derivative (NTG). As reported for G-CSF, increases in abortions and fetal mortality were observed in rabbits, but not in rats given NTG. Histopathological examination of the rabbit placenta revealed accumulation of neutrophils in vessels and necrosis of the tissues surrounding these vessels. To assess the mechanism of abortion and fetal death in rabbits given G-CSF, 125 I-labeled NTG was given intravenously on Day 18 of pregnancy after repeated administration of cold NTG on Days 6 through 17 of pregnancy, and the feto-maternal distribution of radioactivity was examined. In a rabbit given 20 g/kg, high radioactivity was observed in the endometrium, placenta, and some parts of the decidua at 6 hr when the concentration of radioactivity in maternal blood had already decreased. At 24 hr after administration of 200 g/kg NTG, high radioactivity was still detected in parts of the maternal placenta. These patterns of distribution suggest that embolism occurred in parts of the uterus and placenta which might have caused congestion. Radioactivity in the TCA precipitates in the fetus was low, suggesting that NTG does not readily transfer to the fetus. These results strongly suggest that neutrophils accumulated in the vessels of placenta and induced embolism leading to abortions and fetal mortality in the rabbits given G-CSF.
INTRODUCTION
Granulocyte colony-stimulating factor (G-CSF) is a hematopoietic growth factor which stimulates the proliferation and differentiation of hematopoietic progenitors committed to the granulocyte lineage (Metcalf, 1984) . Human G-CSF (hG-CSF) is clinically useful for the therapy of neutropenia associated with cancer chemotherapy (Bronchud et al., 1987; Morstyn et al., 1988) . Nartograstim (NTG), an hG-CSF derivative produced by Escherichia coli, is a single-chain polypeptide with a molecular weight of about 19,000 composed of 175 amino acids (Kuga et al., 1989) . Certain N-terminal amino acid sequences of NTG differ from hG-CSF, namely the Thr-1, Leu-3, Gly-4, Pro-5 and Cys-17 of hG-CSF are substituted by Ala, Thr, Tyr, Arg and Ser, respectively. NTG binds to G-CSF receptor with a three-fold higher specific activity and shows more potent granulopoietic activity than does intact hG-CSF Okabe et al., 1990) in mice.
In the developmental toxicity studies on G-CSF (Keller and Smalling, 1993) , increases in abortions and fetal mortality were observed in rabbits. These changes were not observed in rats (Keller and Smalling, 1993) , suggesting species differences. Similar phenomena have also been noted in the developmental toxicity studies on NTG. In this report, we briefly summarized the findings in pregnant rats and rabbits given NTG.
To understand the developmental toxicity of G-CSF, the present study has evaluated the tissue distribution, fetal transfer, and specific sites of retention of G-CSF in pregnant rabbits by autoradiography. In spite of a significant decrease in biological activity and receptor-binding capacity by radioiodination of hG-CSF (Uzumaki et al., 1988) , NTG retains full biological activity and receptor-binding capacity even 2 weeks after radioiodination (Uzumaki et al., 1988) . We therefore carried out semimicro-autoradiography in pregnant rabbits by using radiolabeled NTG. In this study, to assess the mechanism of abortion and fetal death in rabbits given G-CSF, 125 I-labeled NTG was given intravenously on Day 18 of pregnancy after repeated administration of cold NTG on Days 6 through 17 of pregnancy, and its feto-maternal distribution was examined.
MATERIALS AND METHODS

hG-CSF
A recombinant human G-CSF derivative produced by Escherichia coli, designated nartograstim (NTG), was prepared and provided by Kyowa Hakko Kogyo Co., Ltd. (Japan). NTG used in the present study was formulated in vials as a sterile solution (Lot No. 880302, 880526, CH005) , and stored at 80 . The preparation had a purity of 99% or more (SDS-PAGE method). Endotoxin contamination was less than 1 ng/mg of pure protein as determined by the Limulus amebocyte lysate assay.
The radioiodination of NTG was performed by the solid phase glucose oxidase-lactoperoxidase method (Uzumaki et al., 1988) using Na 125 I (Amersham International plc., Buckinghamshire, UK.; New England Nuclear Co., Ltd., Boston, U.S.A.) and Enzymobead reagent (Bio-Rad Lab., Richmond, U.S.A.). The bioactivity of NTG was completely retained after radioiodination , while the specific radioactivity of 125 I -NTG was 1.99 -2.10 MBq/ g. It was more than 98% precipitable by 10% trichloroacetic acid-treatment.
Developmental toxicity study in rats
Male and female Wistar rats at 10 or 11 weeks of age were purchased from CLEA Japan, Inc. (Tokyo, Japan). After a week of acclimatization, female rats were bred to males on a 1:1 basis; the day that sperm was noted in a vaginal smear was designated as gestation Day 0. Bred rats were given NTG intravenously at doses of 1, 10, 100, and 1000 g/kg/day on gestation Days 7 through 17. Control females received physiological saline. Female rats were observed daily for changes in appearance, behavior, mortality, and evidence of abortion. The body weight and food consumption were recorded on gestation Day 0 and daily from gestation Days 6 to 20. On gestation Day 20, bred females were exsanguinated under ether anesthesia. Of these animals, 5 dams per dose group were selected and blood samples were collected from the femoral vein before their exsanguination. The red blood cell count (RBC) and white blood cell count (WBC) were determined with an automatic cell counter (E-3000, Toa Medical Electronics Co., Ltd., Kobe, Japan). Caesarean section parameters noted included numbers of corpora lutea on each ovary and numbers of live, dead, or resorbed implantations. All fetuses were weighed, sexed and examined for external anomalies. Approximately one-third of the fetuses from each litter were examined for visceral anomalies (Wilson, 1965) . The rest of the fetuses were stained with Alizarin Red S (Dawson, 1926) for skeletal examination.
Developmental toxicity study in rabbits
Male and female Japanese White rabbits were obtained from Kitayama Labes Co., Ltd. (Nagano, Japan) at the age of 20 weeks and 18 weeks of age, respectively. After 2 weeks of acclimatization, female rabbits were mated with male rabbits. The date of mating was designated as gestation Day 0. Bred rabbits were given NTG intravenously via the marginal ear vein at doses of 2, 20, and 200 g/kg/day on gestation Days 6 through 18. Control females received physiological saline. Female rabbits were observed daily for changes in appearance, behavior, mortality, and evidence of abortion. The body weight and food consumption were recorded on gestation Day 0, daily from gestation Days 6 to 19, and on gestation Days 24 and 29. On gestation Days 19 and 29, blood samples were collected from the marginal ear vein of 5 dams per dose group for the determination of RBC and WBC. On gestation Day 29, all surviving females were euthanized by an intravenous injection of sodium pentobarbital and necropsied. Caesarean section parameters noted includ-ed numbers of corpora lutea on each ovary and numbers of live, dead, or resorbed implantations. The placentas of some dams in the control and 200 g/kg groups were fixed with 10% phosphate-buffered formalin solution. Paraffin sections were prepared according to routine methods, stained with hematoxylin-eosin (H&E), and examined histopathologically. All fetuses were weighed, sexed and examined for external and visceral anomalies. Then fetuses were decapitated and the fetal heads were decalcified in Bouin's fixative, serially sectioned free-hand, and examined for soft tissue craniofacial alterations and for morphological abnormalities of the internal tissues (Wilson, 1965) . The fetal bodies were eviscerated, fixed in ethanol and stained with Alizarin Red S (Dawson, 1926) for skeletal examination.
Tissue distribution of radioactivity in rabbits
Pregnant Japanese White rabbits were purchased from the Japan SLC Inc. (Shizuoka, Japan). Rabbits were given cold NTG intravenously via the marginal ear vein at doses of 20 and 200 g /kg /day on gestation Days 6 through 17. On the 18th day of gestation, they were given a single intravenous administration of [ For semimicro-autoradiography, at 6 and 24 hr after administration, the dams were euthanized with an intravenous injection of sodium pentobarbital, then the uterus was removed and immediately immersed into liquid nitrogen for instant freezing. The uterus was cut into sections 10 -30 m thick using a large sliding-type microtome (Type 1400, Leitz, Heidelberg, Germany). After freeze-drying, the sections were exposed to X-ray film (SCRE, Konica, Tokyo, Japan) and developed.
For measuring the tissue concentration of radioactivity, at 5 min, 6 hr and 24 hr after administration of [ 125 I]-NTG, the blood sample was collected from vena cava inferior under anesthesia with sodium pentobarbital and mother rabbits were sacrificed by exsanguination. The radioactivity of the maternal blood, plasma, amniotic fluid and fetal blood was assayed in an autowell counter ARC300 (Aloka, Tokyo, Japan). Tissue samples were taken from the liver, kidney, spleen, ovary, uterus, placenta and fetus, and homogenized. The aliquots were then carefully taken and submitted to radioactivity counting. In order to assess the radioactivity which is linked with protein, trichloroacetic acid (TCA) solution was added to the blood, plasma, amniotic fluid and the supernatants obtained after centrifugation of the tissue homogenates. After centrifugation, radioactivity in the supernatant and precipitate was assayed.
Values were expressed by the F-value to cancel the difference in given dose for each individual body weight, as follows; Radioactivity in sample (dpm/g or ml) F-value= 100 Administered dose (dpm) / body weight (g)
Statistical analysis
For continuous data such as body weight, food consumption, number of implantations and number of dead fetuses in dams, hematological examination, organ weight and degree of skeletal ossification, the mean values and standard deviations were calculated for each group. Above data were tested by the F-test for homogeneity of variance. If the variances were homogeneous, student's t test (Yoshimura, 1988) was applied. If the variances were heterogenous, AspinWelch's t test (Yoshimura, 1988) (in the case of n< 7, Pitman's test (Lehman, 1975) ) was performed to compare the control group and each treated group. The Fischer-Irwin test (Yoshimura, 1988) was applied to the macroscopic findings for the dams. Analysis of difference between the two groups by the t-test with analysis of variance for nested design (Yoshimura, 1980) was used for the fetal body weights with each litter as the basic unit for comparison. Accurate analysis of the difference of mean values between two groups by Pitman's test using exact generalization of the FisherIrwin test for 2 K table (K : kinds of limited values) (Haseman and Hoel, 1974) was applied for the external and skeletal anomalies, skeletal variations and visceral anomalies. The reported level of statistical significance was p≤0.05.
RESULTS
Developmental toxicity study in rats
Neither abortion nor death of dams occurred in any group throughout the gestation periods. No notable changes in clinical signs, body weights or food consumption were observed up to 1000 g/kg. At caesarean section, no significant differences between the control and treated groups were observed in the numbers of corpora lutea, implantations and alive fetuses, fetal mortality and fetal body weights (Table 1 ). An increase in WBC and a slight decrease in RBC were observed in dams given 1000 g/kg on Day 20 of gestation. No treatment-related fetal abnormalities were detected in external, visceral or skeletal examinations.
Developmental toxicity study in rabbits
As shown in Figs 1 Since this was considered to result from the decrease in fetal body weights, and as no other treatment-related findings were seen in the skeletal examinations, NTG was considered to have no teratogenic effect. On histopathological examination of the placenta, hemorrhage, necrosis and precipitation of fibrin in the vessels were observed in almost all the placentas including those from the control group (Table 3) . Accumulation of neutrophils in vessels and necrosis of the tissues surrounding these vessels were observed in the labyrinth zone or from the labyrinth zone to the decidual zone in the placenta associated with a macerated fetus and fetal remnant in the 200 g/kg group (Photo 1). In the placenta associated with a dead fetus in the 200 g/kg group, although similar findings were observed in one placenta, no clear accumulation of neutrophils was found in the vessels of the other placenta.
Semimicro-autoradiography in rabbits
The autoradiograph (ARG) of the uterus in a pregnant rabbit 6 hr after a single intravenous administration of [ 125 I]-NTG at a dose of 20 g/kg on gestation Day 18 is presented in Photo 2. Extremely high radioactivity was detected in the endometrium. High radioactivity was also observed in the placenta. The density over some parts of the fetal placenta and maternal decidua was high. The radioactivity of blood in vessels of the maternal placenta was less marked and was lower than that of the surrounding placenta. The density over the fetuses was low as a whole, and the transfer of radioactivity to the fetal brain was extremely low. However, the intragastric radioactivity in fetuses was higher than for other parts.
In the ARG at 6 hr after administration of 200 g /kg of [ 125 I]-NTG, no fetus was seen in the uterus. Only the placenta and liquid that was believed to be derived from amniotic fluid were observed. At 24 hr after administration of 200 g/kg, two fetuses were observed on the right side of the placenta ; however, there was no fetus on the left side (Photo 3). The density over a part of the placenta (l.n.), at which necrosis and lysis seemed to be present, was extremely high. High radioactivity was still found sporadically in the maternal placenta. The radioactivity in the uterus decreased markedly as compared with that in the 6-hr animal. However, radioactivity still remained in the endometrium. Hardly any distribution of radioactivity could be observed in the fetuses except for the thyroid gland and stomach.
Tissue concentration of radioactivity
The concentration of radioactivity in various maternal and conceptus tissues after a single intravenous administration of [ Table 4 . Assuming that the total radioactivity administered intravenously was confined within the capillaries without any leakage into the extravascular compartment, and the whole blood weight is 7/100 of the body weight, the F-value is calculated theoretically at 1429. In the 20 g/kg group, an F-value obtained at 5 min after administration of [ 125 I]-NTG was 1184.90 which, being very close to the theoretical value, strongly indicates that radioactivity was exclusively confined within the blood volume. The radioactivity in fetuses at 5 min was low. At 6 hr after administration, the F-value in the blood decreased to about one-fifth of that at 5 min. After 24 hr, while the radioactivity in all excised tissues decreased, a high Fvalue of over 100 was noted in the kidney, spleen and placenta.
The changes of tissue concentration of radioactivity in the 200 g/kg group were similar to that in the 20 g/kg group. A high F-value of over 1000 was noted at 5 min. The radioactivity in uterus and fetuses increased at 6 hr, while the concentration in the maternal tissues decreased as compared with 5 min after administration. At 24 hr, no live fetus was observed in any of the three rabbits, although there were traces of pregnancy. The radioactivity in all excised tissues decreased at 24 hr. Table 5 shows the TCA precipitable radioactivity in various maternal and conceptus tissues after a single intravenous administration of [ 125 I]-NTG at doses of 20 and 200 g/kg. In the 20 g/kg group, the radioactivity in TCA precipitates of the blood and plasma of dams at 5 min after administration accounted for more than 97% of the total radioactivity, and this ratio decreased with time. The ratio of the TCA precipitate in the uterus, liver and placenta, which was lower than that in the blood at 5 min, decreased with time in the same fashion as that in the blood. Radioactivity of the TCA precipitates in the fetuses, amniotic fluid and fetal blood was below 31% at all sampling times. In the 200 g/kg group, the results of the TCA precipitable radioactivity were similar to those in the 20 g/kg group. The ratio of the TCA precipitates as a whole was a little higher than in the 20 g/kg group.
DISCUSSION
As reported for G-CSF (Keller and Smalling, 1993; Hara et al., 1990) , increases in abortions and fetal mortality were observed in rabbits, but not in rats, in the developmental toxicity study on NTG. Hara et al. (1990) speculated that the abortion in rabbits given G-CSF might be caused by the reduction in food consumption. In the present study, decrease in body weight gain and food consumption were observed in rabbits given 20 g/kg or more. As Matsuzawa et al. (1981) have reported that dietary deprivation induced fetal loss and abortion in pregnant rabbits, the abortions and fetal mortality observed in rabbits given NTG might be due in part to the decrease in food consumption. However, the decrease in food consumption did not correlate well with the incidence of abortion in each animal, suggesting the abortion noted in this study might result not only from the aggravation of nutritional status but also from another mechanism related to the administration of NTG.
To evaluate the developmental toxicity of G-CSF in rabbits, 125 I-labeled NTG was given intravenously on Day 18 of pregnancy after repeated administration of cold NTG on Days 6 through 17 of pregnancy, and feto-maternal distribution of the radioactivity at 6 and 24 hr after administration was examined. In a rabbit given 20 g/kg, high radioactivity was observed in the endometrium, placenta, and some parts of the decidua at 6 hr when the concentration of radioactivity in maternal blood has already decreased. At 24 hr after administration of 200 g/kg, while the radioactivity was lower than that at 6 hr, high radioactivity was still detected in parts of the maternal placenta. These patterns of distribution suggest that embolism may have occurred in parts of the uterus and placenta which might have caused the congestion. The tissue concentration of radioactivity in the placenta was one-fourth of that in the maternal blood at 5 min after the administration of 125 I-labeled NTG. However, the radioactivity in the placenta was over 1.5 times higher than that in the maternal blood at 6 hr. In the rabbit given 200 g /kg, while little difference in the radioactivity was noted in the ratio of maternal blood to placenta at 5 min and 6 hr as compared to the 20 g/kg group, the radioactivity in the uterus was extremely low at 24 hr, suggesting necrosis and lysis of the fetus in the uterus. A rapid transition of the radioactivity from the TCA precipitates to the soluble fraction was observed in all tissues with the course of time. Radioactivity in the TCA precipitates in the fetus accounted for less than 20%. These results indicate that radioactivity found in the fetus is derived from degradation products of the On histopathological examination of the rabbit placenta in the 200 g/kg group, the accumulations of neutrophils in the vessels and necrosis of the tissues surrounding these vessels were observed in the placenta with macerated fetuses, fetal remnants and dead fetuses. Peripheral blood leukocytes increased in dams given 20 g/kg or more on Days 19 of pregnancy and returned to the normal range on the day of caesarean section. Considering that caesarean section was conducted 11 days after the final administration of NTG and the lifespan of neutrophils is short (Golde, 1983) , it can be inferred that large numbers of neutrophils accumulated in the vessels of the placenta during administration of NTG. It has been reported that intracerebral hemorrhage and hematoma were observed in monkeys given G-CSF and NTG (Keller and Smalling, 1993 ; Kato et al., 1991) . Keller and Smalling (1993) speculated that the peripheral hyperleukocytosis resulted from an increase in blood viscosity which induced leukostasis at the site of the terminal arteries and capillaries, with local hypoxia, vascular rupture, hemorrhage and ischemic necrosis. Therefore, the results of the autoradiography and histopathological examination of the placenta strongly suggest that neutrophils accumulated in the vessels of placenta and induced embolism, which led to abortions and fetal mortality in the rabbits.
The cause for the species differences in abortions and fetal mortality between rats and rabbits given G-CSF remains to be elucidated. Two possibilities can be considered. The first is the morphological difference in the placenta and its microvasculature between rats and rabbits. According to Grosser's classification, the rabbit placenta belongs to the hemochorial placenta which is the same type as that of rats and humans (Mossman, 1926) . Based on the number of chorionic epithelial layers, Enders (1965) has further subdivided the hemochorial placenta into hemomonochorial (as in the human), hemodichorial (as in the rabbit), and hemotrichorial (as in the rat). Considering that only the late rabbit placenta fulfills the criteria of hemodichorial and the placentas of all the above species at the beginning of their development are of the endotheliochorialis type (Mossman, 1926) , it is considered that the placental ultrastructure and microvasculature of rabbits during the growth of the placenta may be substantially different from those of rats at each stage of development. The second possibility is that of anemia during pregnancy. Tsutsumi et al. (1968) reported that the RBC did not increase during the pregnancy of rabbits and that anemia was found at the later stages of pregnancy. This was confirmed in the present study which showed that the RBC in the control rabbits on Day 29 of gestation decreased compared with that on Day 19 of gestation. Furthermore, a decrease in RBC was seen in dams given NTG on Days 19 of gestation. Metcalf (1988) reported that the decrease in RBC might be due to the slight depletion of hematopoietic cells of erythrocyte lineage resulting from significant diversion of hematopoietic cells into the granulocyte lineage by G-CSF. Therefore, it is possible that the anemia was aggravated by the administration of G-CSF, and so this may be one of the causes of abortions and fetal mortality in rabbits given G-CSF.
As described above, while many factors may be involved in the abortions and fetal mortality in rabbits given G-CSF, our present study suggests that the principal cause lies in the embolism in the placental vessels caused by neutrophils which increased markedly due to the administration of G-CSF. Up to the present, no adverse event in pregnant woman given G-CSF has been reported. However, consecutive administration of G-CSF may possibly cause peripheral leukocytosis, which could result in embolism and ischemia of various organs. Therefore, it is clinically essential to monitor and control the peripheral blood neutrophils so as not to exceed normal levels during administration of G-CSF.
